Introduction {#s0001}
============

Radiotherapy (RT) is known to enhance the release of a broad range of tumour-associated antigens and damage associated molecular patterns (DAMPs). It also stimulates the upregulation of immunomodulatory cell surface molecules. Together, this results in a personified '*in situ* vaccine' thereby initiating an immune response.[@cit0001] These changes in tumour immunogenicity promote the uptake of tumour antigens by dendritic cells that cross-present the tumour antigens to T cells, thereby triggering a cytotoxic T-lymphocyte response.[@cit0001]^,^[@cit0003] In some cases, tumour regression outside the radiation field can be observed, a phenomenon known as the abscopal effect.[@cit0006] Its clinical appearance however is sporadic.[@cit0012] It has been established that the RT-induced abscopal effect is immune mediated[@cit0013] and therefore the rationale of combining RT with immunotherapeutic approaches to further increase systemic anti-tumour effects has recently gained a lot of interest.[@cit0019]

The cytokine interleukin 2 (IL2) stimulates the proliferation and differentiation of cytotoxic, helper and regulatory T cells, and natural killer (NK) cells, resulting in a balanced pro- and anti-inflammatory immune response.[@cit0020] IL2 treatment has shown durable and curative regressions in patients with metastatic melanoma, renal cancer and advanced non-Hodgkin\'s lymphomas and represents the first effective immunotherapy.[@cit0021]^,^[@cit0022] However, further clinical systemic use has been hampered due to the appearance of several severe toxicities (e.g. capillary leakage syndrome, severe flu-like symptoms, and coma).[@cit0023] Specific targeting of IL2 to the tumour using the vehicle L19, an antibody fragment directed against the angiogenesis-associated B-fibronectin isoform ectodomain-B (ED-B) typically overexpressed in solid tumours, resulted in high intra-tumoural IL2 concentrations without increasing toxicity.[@cit0024] The immunocytokine L19-IL2 has been investigated in a randomized phase II clinical trial in patients with metastatic melanoma in combination with dacarbazine or with L19-TNFα (tumour necrosis factor) showing encouraging anti-tumour activity.[@cit0025] Furthermore, tumour-specific (neo)antigens are important recognition sites for immune cells[@cit0030] and since RT increases the tumour (neo)antigen expression it has great immunotherapeutic improving potential for all solid tumours.[@cit0005]

Recently, we have demonstrated that the combination of a single RT dose with L19-IL2 resulted in long-lasting, highly synergistic anti-tumour effects with a cure rate of 75% in the high ED-B expressing C51 mouse colon carcinoma. Expression of ED-B as well as infiltration of CD8^+^ T cells was crucial for this pronounced anti-tumour immune response.[@cit0033] Similar to the C51 tumour model, ED-B is overexpressed in the majority of solid tumours,[@cit0034] making this combination therapy of great clinical interest. This highly synergistic preclinical finding resulted in the initiation of a phase I clinical study (NCT02086721) in our institute, in which stereotactic radiotherapy is combined with L19-IL2 in non-small cell lung cancer patients with oligometastatic tumours.

Our ultimate goal is to increase progression-free survival in patients with (oligo)metastatic cancer. However, high tumour burden and invisible (micro)metastases limit the applicability of radiotherapy in these patients. In the current study, we have investigated the systemic and long-lasting anti-tumour effects elicited by RT combined with L19-IL2, providing us insights into their synergistic interplay and induced immune responses. Since we have shown that the synergistic effect of RT + L19-IL2 against irradiated tumours is highly dependent on the immune system, we hypothesize that this combination therapy can elicit an abscopal effect targeting macroscopic tumours outside the radiation field. This study compares fractionated and single dose RT, irradiated and non-irradiated tumours, responding and non-responding mice and differences in potential to induce long-lasting protection (memory effect).

Results {#s0002}
=======

A single RT dose combined with L19-IL2 triggers a curative abscopal effect {#s0002-0001}
--------------------------------------------------------------------------

Previously we have demonstrated that single dose RT in combination with L19-IL2 provides an enhanced effect against primary C51 tumours.[@cit0033] In the present study, to test whether RT + L19-IL2 results in an abscopal effect, RT was locally delivered to one of the C51 tumours (primary) growing on contralateral flanks in combination with systemic L19-IL2 treatment. Single dose 15Gy or fractionated irradiation with 5 × 2Gy has been selected since pilot experiments demonstrated that these radiation doses combined with L19-IL2 result in 100% cure of primary tumours (supplementary [Fig. 1](#f0001){ref-type="fig"}). 5 × 5Gy + L19-IL2 was included in the abscopal experiments being the biologically equivalent to 15Gy ([Fig. 1A](#f0001){ref-type="fig"} and [B](#f0001){ref-type="fig"}). The distribution of volumes of secondary (non-irradiated) tumours at start of treatment was similar across different treatment groups (supplementary table 1). Secondary tumours of mice treated with 15Gy + L19-IL2 showed a significantly longer median T4xSV (9.6 \[4.3--26.4\] days) as compared to 15Gy + vehicle (5.7 \[5.1--8.9\] days, p = 0.03) with a cure rate of 20% (2/10) ([Fig. 1B](#f0001){ref-type="fig"}). Addition of L19-IL2 to 5 × 2Gy significantly increased T4xSV of the non-irradiated tumours from 5.9 \[3.1--7.7\] days to 8.8 \[5.7--17.6\] days (p = 0.003), to a similar extent as 5 × 5Gy + L19-IL2 (T4xSV of 10.1 \[6.6--12.9\] days). In contrast to 15Gy, none of the secondary tumours of the fractionated RT groups could be cured ([Fig. 1B](#f0001){ref-type="fig"}). Tumour volumes over time in this abscopal experimental setup are shown in supplementary Fig. 2. Figure 1.Radiotherapy and L19-IL2 induced abscopal effects and immune infiltration. (A) Experimental setup and schedule used for abscopal study. Each mouse was injected with tumour cells on the left flank on day −10 and on the right flank on day −8. (B) The fraction of non-irradiated tumours not reaching 4 times start tumour volume. n = number of non-irradiated tumours (one per mouse). Treatment of mice with 15Gy + vehicle, 15Gy + L19-IL2, 5 × 2Gy + vehicle and 5 × 2Gy + L19-IL2 was performed in one single experiment (27 mice in total) and treatment with 5 × 5Gy + L19-IL2 was performed in an additional experiment (n = 6). (C) Representative back gating (red), FACS image showing intratumoural CD3^+^CD4^+^ cells of gated CD45^+^ cells of irradiated (L) and non-irradiated (R) tumours, a quantification of the intratumoural CD3^+^CD4^+^ and CD3^+^CD8^+^ cells and the experimental schedule used. \*p \< 0.05. Bars represent median. Figure 2.The abscopal effect in T cells depleted and mismatched tumour-bearing mice. Each mouse was injected with one tumour on the left flank on day −10 and with one tumour on the contralateral flank on day −8. (A) Depletion study schedule and FACS to confirm depletion of CD4^+^ or CD8^+^ T cells in blood. (B) Fraction of tumours not reaching 4 times start tumour volume. n = number of non-irradiated tumours. This depletion study was performed once, using 20 mice in total. (C) Experimental setup and schedule used for abscopal study using mismatched (CT26) secondary tumours. (D) Fraction of tumours not reaching 4 times start tumour volume for the different treatment groups. n = number of non-irradiated tumours. For C51 (matched) tumours, we used the same groups as described in [Fig. 1](#f0001){ref-type="fig"} to compare them with the mismatched tumours.

For a single 15Gy RT dose in combination with L19-IL2, we observed at day 4a significantly higher percent of CD4^+^ T cells inside secondary tumours (8.3% \[2.9--42.3\]) as compared with the primary tumours (2.0% \[0.2--3.4\], p = 0.02) ([Fig. 1C](#f0001){ref-type="fig"}). In addition, the percentage of CD4^+^ T cells in 15Gy + L19-IL2 treated tumours is significantly lower as compared with L19-IL2 treated tumours (4.1% \[1.2--5.2\], p = 0.02). At this time point, no differences in infiltrating CD8^+^ cytotoxic T cells could be observed ([Fig. 1C](#f0001){ref-type="fig"}).

The curative abscopal effect is dependent on T cells {#s0002-0002}
----------------------------------------------------

To assess the causal relationship between the anti-tumour abscopal effect and T cells, we depleted CD4^+^ T or CD8^+^ T cells at day 5 after RT ([Fig. 2A](#f0002){ref-type="fig"}, supplementary table 1) using mice bearing C51 tumours. CD8^+^ and CD4^+^ T cells were successfully depleted 2 days after the first i.p. injection of depleting antibodies to 0.2% \[0--0.6\]) and 0% as compared to IgG control: 9.2% \[6.2--13.7, p = 0.003\] and 36.0% \[19.2--52.5, p = 0.003\], respectively ([Fig. 2A](#f0002){ref-type="fig"}). Depletion of CD8^+^ or CD4^+^ T cells had little to no effect on the treatment response of irradiated primary tumours (supplementary Fig. 3A), suggesting that the immunological activity against these tumours has largerly been completed and it is likely that the abscopal effect has already been initiated at the time point when depleting antibodies were administered. IgG treatment resulted in 29% (2/7) cure rate of secondary non-irradiated tumours ([Fig. 2B](#f0002){ref-type="fig"}) consistent with the results obtained in the previous independent experiment ([Fig. 1B](#f0001){ref-type="fig"}). Abscopal tumour response was not changed upon CD4^+^ T cell depletion as compared to IgG control (p = 0.21) ([Fig. 2B](#f0002){ref-type="fig"}). Depletion of CD8^+^ T cells resulted in significantly (p = 0.01) faster growth of secondary tumours as compared to IgG control, demonstrating a causal role for cytotoxic T cells in the RT + L19-IL2 induced abscopal effect. Volumes of non-irradiated tumours over time and tumour volumes at start of depletion are shown in supplementary Fig. 3B and C, respectively. Figure 3.Co-expression of immune suppressive receptors on T cells. (A) Treatment schedule for the evaluation of immunological parameters in single dose irradiation experiments, percentage of intratumoural CD8^+^PD-1^+^ cells of the CD45^+^ cells and median percentages of PD-1^+^ and PD-1^−^ within the CD8^+^ T cell population. (B) Representative FACS histogram and dotplot, percentage of intratumoural CD4^+^PD-1^+^ cells and CD4^+^CD25^+^FoxP3^+^ T cells of CD45^+^ cells in different treatment groups and median percentages of PD-1^+^ and PD-1^−^ or CD25^+^FoxP3^+^ and CD25^+^FoxP3^−^ within the CD4^+^ T cell population. (C) Treatment schedule for the evaluation of immunological parameters in fractionated irradiation experiments. (D) Quantification of CD8^+^ T cells of gated CD45^+^ tumour infiltrating cells, FACS histogram of PD-1 expression on tumour infiltrating CD8^+^ T cells and quantification of CD8^+^PD-1^+^ cells. (E) Quantification of CD4^+^ T cells of gated CD45^+^ tumour infiltrating cells, FACS histogram of PD-1 expression on tumour infiltrating CD4+ T cells and quantification of CD4^+^PD-1^+^ cells. NTM: Normalized to Mode. \*p\<0.05, \*\*p\<0.01. Bars represent median.

Next, we investigated the specificity of the abscopal effect, using the ED-B positive CT26 tumour[@cit0039] as a non-irradiated secondary tumour ([Fig. 2C](#f0002){ref-type="fig"}, supplementary table 1). In contrast to the matched C51 secondary tumours, which showed a significantly (p = 0.026) enhanced response to 15Gy + L19-IL2 as compared with 15Gy + vehicle, this effect was not observed (p = 0.095) in CT26 tumour ([Fig. 2D](#f0002){ref-type="fig"}). In addition, tumour response was not different between the secondary C51 and CT26 tumours for mice treated with 15Gy + L19-IL2, although no tumour cures could be observed in the latter group ([Fig. 2D](#f0002){ref-type="fig"}).

A single RT dose combats the intratumoural immunosuppressive T cell phenotype {#s0002-0003}
-----------------------------------------------------------------------------

We have shown that 15Gy + L19-IL2 induced a curative abscopal effect in only 20--30% of the non-irradiated tumours ([Fig. 1B](#f0001){ref-type="fig"}, [Fig. 2B](#f0002){ref-type="fig"}), depending on the experiment. We hypothesized that the same immune response triggered by this treatment combination is immunosuppressive in non-irradiated tumours. To test this, we investigated the expression of FoxP3 (an intracellular marker for regulatory T cells) and the targetable immunosuppressive checkpoint receptors CTLA-4 and PD-1 on peripheral and intratumoural T cells.

Although non-irradiated tumours from mice treated with 15Gy + L19-IL2did not show higher PD-1 ([Fig. 3A](#f0003){ref-type="fig"}) or CTLA-4 (data not shown) expression on CD8^+^ T cells as compared to irradiated tumours, significantly more CD4^+^ T cells expressed PD-1 (4.2% \[1.7--6.7\]) in non-irradiated secondary tumours than in irradiated primary tumours (0.8% \[0.1--1.6\], p = 0.002) and vehicle control (0.9% \[0.8--5.0\], p = 0.02) ([Fig. 3B](#f0003){ref-type="fig"}). Furthermore, the non-irradiated tumours showed a higher percent of CD25^+^FoxP3^+^CD4^+^ T cells (1.8% \[0.4--6.6\]) as compared with the irradiated tumours (0.2% \[0.04--1.3\], p = 0.009) ([Fig. 3B](#f0003){ref-type="fig"}). Strikingly, irradiated (15Gy) tumours after L19-IL2 showed a significantly lower percent of CD4^+^PD-1^+^ T cells (0.8%, \[0.1--1.6\]) in comparison with 15Gy + vehicle (2% \[1.3--4.6\], p = 0.01) and L19-IL2 only treated tumours (2.2% \[0.5--3.0\], p = 0.005). A significantly lower percentage of FoxP3^+^CD25^+^CD4^+^ T cells in irradiated tumours after RT + L19-IL2 (0.2% \[0.04--1.3\]) as compared with L19-IL2 monotherapy (1.7% \[0.4--2.4\], p = 0.01) was also observed. These data show that the addition of a single dose of 15Gy to the L19-IL2 monotherapy combats the immunosuppressive T cell infiltrate in irradiated tumours. Interestingly, this immunosuppressive combating potential could not be observed when combining L19-IL2 with fractionated RT (5 × 2Gy) ([Fig. 3C](#f0003){ref-type="fig"}). Although CD4^+^ and CD8^+^ T cell tumour infiltration was not significantly different between the irradiated and non-irradiated tumours ([Fig. 3D](#f0003){ref-type="fig"}, [E](#f0003){ref-type="fig"}), the addition of L19-IL2 to fractionated RT increased percent of CD8^+^PD-1^+^ infiltrating cells in non-irradiated tumours (20.1% \[8.6--38.3\]) as compared to 5 × 2Gy + vehicle treated non-irradiated tumours (7.5% \[4.0--8.9\], p = 0.01) ([Fig. 3D](#f0003){ref-type="fig"}). Furthermore, addition of L19-IL2 to fractionated RT significantly increased percent of CD4^+^PD-1^+^ T cells in irradiated tumours (2% \[1.2--2.7\]) as compared to the vehicle treated primary tumours (0.9% \[0.5--2\], p = 0.01) ([Fig. 3E](#f0003){ref-type="fig"}).

No differences in peripheral CD4^+^ (data not shown) and CD8^+^ T cells were observed between all treatment groups (supplementary Fig. 4A). Interestingly, fractionated RT resulted in a higher percent of CD8^+^PD-1^+^ T cells when combined with L19-IL2 (13% \[1.8--25.1\]) as compared with 5 × 2Gy + vehicle treated mice (1.2% \[0.4--12.1\], p = 0.03) (supplementary Fig. 4B). No differences were observed for CD4^+^PD-1^+^ T cells (data not shown). Figure 4.Immunological responses after single doses and fractionated irradiation. (A) Experimental setup and schedule for immunological analysis of tumours and blood. Representation and quantification of percentages of CD4^+^, CD4^+^ PD-1^+^, CD4^+^ CTLA-4^+^ and CD4^+^FoxP3^+^CD25^+^ T cells of total peripheral (B) and tumour infiltrating (C) CD45^+^ immune cells. \*p \< 0.05. Bars represent median.

Immunological responses after single doses and fractionated irradiation {#s0002-0004}
-----------------------------------------------------------------------

To explore the differences in the magnitude of abscopal effect induced by single dose and biologically equivalent fractionated RT + L19-IL2, we investigated mice at day 5 after start of treatment ([Fig. 4A](#f0004){ref-type="fig"}). Mice treated with 5 × 5Gy + L19-IL2 had a significantly lower number of peripheral blood CD4^+^ T cells (8.7% \[5.5--12.4\] p = 0.04) as compared with 15Gy + L19-IL2 treated mice (19.6% \[6.2--29.2\]) ([Fig. 4B](#f0004){ref-type="fig"}). No differences in PD-1^+^, CTLA-4^+^ or FoxP3^+^CD25^+^ T cells were found ([Fig. 4B](#f0004){ref-type="fig"}) as well as percent of CD8^+^ T cells and sub-populations (data not shown). At this time point, no differences in total number of tumour infiltrating CD4^+^ T cells could be observed (data not shown). The percentage of infiltrating CD8^+^ T cells, however, was significantly higher in the 15Gy + L19-IL2 (49.3% \[33.9 -- 63\]) as compared with 5 × 5Gy + L19-IL2 (23.4% \[3.7 -- 48.8\], p = 0.03). The expression of PD-1 and CTLA-4 on CD8^+^ T cells was not significantly different ([Fig. 4C](#f0004){ref-type="fig"}). Supplementary [Fig. 5](#f0005){ref-type="fig"} shows the gating strategy used for the analyses. Figure 5.RT + L19-IL2 triggers long-lasting immunological memory. (A) Tumour-free survival of mice that rejected tumours after 10Gy + L19-IL2 and were re-injected at day 150 with C51 tumour cells, together with a group of naïve mice. (B) Percentage of CD44^+^CD127^+^ cells of splenic CD8^+^ T cells. (C) Confirmation of CD127 inhibition by FACS in peripheral blood at day 3 after CD127 blocking. (D) Tumour-free survival of mice that were cured after different treatments and were re-challenged at day 150 with C51 tumour cells, together with a group of control mice initially injected with matrigel only. (E) Percentages of CD44^+^CD127^+^, CD44^+^CD62L^+^ and CD44^+^CD62L^−^ of total CD8^+^ T cells in blood and lymph nodes. Green symbols represent responders (no tumour take after re-injection) and black symbols represent non-responders. Bars represent median. (F) Representative plots and median percentages of different immune subsets analyzed by FACS in blood, spleens and lymph nodes.

Long-lasting immunological memory associated with CD44^+^CD127^+^CD8^+^ T cells {#s0002-0005}
-------------------------------------------------------------------------------

Next we investigated if the anti-tumour immune response modulated by RT + L19-IL2 remains active against its target, i.e. the tumour-associated (neo)antigens. To test this hypothesis, mice cured from C51 tumours by a single dose of 10Gy + L19-IL2,[@cit0033] were re-injected with C51 tumour cells 150 days after injection. While age-matched naive mice reached a tumour volume of 500 mm^3^ within 17 days after cell injection, none of the cured mice showed tumour formation ([Fig. 5A](#f0005){ref-type="fig"}). Although not significant, FACS analyses at endpoint revealed a higher percent of CD8^+^ T cells co-expressing CD44^+^CD127^+^ in spleens ([Fig. 5B](#f0005){ref-type="fig"}) and lymph nodes (data not shown) in the re-challenged mice that were able to reject tumours (4.8% \[0.9--6.4\]) as compared with naive (0.9% \[0.3--1.7\]) and tumour-bearing (1% \[0.8--1.8\]) age-matched controls ([Fig. 5B](#f0005){ref-type="fig"}).

Next, we investigated whether this long-lasting anti-tumour response solely depends on tumour cure by RT + L19-IL2 treatment and on CD127 expressing T cells. For this, in an independent experiment, 150 days after tumor implantation, mice cured by either 10Gy + L19-IL2, surgery + L19-IL2 or high dose RT (40Gy) (supplementary Fig. 6A) were re-challenged with C51 tumours. In 10Gy + L19-IL2 treatment group either CD127 blocking antibody or IgG control antibody was applied. Three days after the start of CD127 blocking, the expression of CD127 on CD3^+^ cells was significantly (p = 0.004) lower as compared with the IgG treated ([Fig. 5C](#f0005){ref-type="fig"}). Eight out of 12 mice cured by 10Gy + L19-IL2, were not able to form new tumours and blocking of CD127 had no influence on this protective effect ([Fig. 5D](#f0005){ref-type="fig"}). Therefore, for further analyses, these groups were combined. High dose RT resulted in severe skin toxicity, resulting in a 50% drop-out before tumour re-challenging. Although high dose RT resulted in not significantly different tumour take as compared with 10Gy + L19-IL2 (p = 0.27), low number of animals in the former group limits the interpretation of these results ([Fig. 5D](#f0005){ref-type="fig"}). In contrast, surgery + L19-IL2 induced less protective effect (i.e. greater tumour re-uptake) as compared with 10Gy + L19-IL2 (p = 0.051). Furthermore, non-tumour bearing mice pre-treated with 10Gy + L19-IL2 were all able to form tumours (500 mm^3^) within 13 days, similar to control mice (matrigel + shamRT + vehicle), proving that treatment alone is not sufficient to induce memory effect without prior tumour cure ([Fig. 5D](#f0005){ref-type="fig"}). Figure 6.Specific cytokine production and cytotoxic activity of CD8^+^ and CD8^+^CD44^+^CD127^+^ T cells from mice with immunological memory. (A) Percent of CD8^+^ and (B) CD8^+^CD44^+^CD127^+^ T cells after co-culture of C51 or 4T1 (unspecific antigens) tumor cells with immune cells from responders (mice cured by 10Gy+L19-IL2 with tumor rejection after re-challenge), non-responders (mice cured by 10Gy+L19-IL2 with tumor uptake after re-challenge) and naive mice. (C) Percent of INFγ-, TNFα-, Granzyme B- (GZM B) and CD107a-postive CD8^+^ T cells after co-culture of C51 or 4T1 tumor cells with immune cells from responders, non-responders and naive mice. (D) Percent of INFγ-, TNFα-, Granzyme B- (GZM B) and CD107a-postive CD8^+^CD44^+^CD127^+^ T cells after co-culture of C51 or 4T1 tumor cells with immune cells from responders. \*\**p* \< 0.01, \**p* \< 0.05, \#0.05 \< *p* \< 0.1. Bars represent median.

Endpoint immunological analyses (gating strategy in supplementary Fig. 6B) revealed that higher number of peripheral (blood) CD8^+^ T cells expressed CD44^+^CD127^+^ when mice were able to reject tumours (14.6% \[5.4--29.1\]) after 10Gy + L19-IL2 as compared with other treatment groups (1.6% \[0.6--4.2\], *p* \< 0.05 of all other groups) ([Fig. 5E](#f0005){ref-type="fig"}). These high co-expression levels were not found on the CD8^+^ T cells of the two mice with tumour growth after re-challenge (2.1 and 0.8%), showing that the co-expression of both receptors on CD8^+^ T cells can distinguish long-lasting immunological protection against tumours ([Fig. 5E](#f0005){ref-type="fig"}). 10Gy + L19-IL2 cured mice able to reject tumours also showed a significantly higher percentage of CD44^+^CD127^+^ on CD8^+^ T cells in spleens (48.8% \[35.4--68.6\]) as compared with other treatment groups (8.4% \[4.6--38.5\], *p* \< 0.05). Again, this high co-expression level was not found on the CD8^+^ T cells of the two mice with tumour growth after re-challenge (4.5% and 5.9%) (supplementary Fig. 7). Mice cured from C51 tumours by L19 + IL2 receiving IgG instead of CD127 blockage had a significantly higher percent of CD8^+^ T co-expressing CD44^+^CD127^+^ in lymph nodes (36.7% \[26.9--52.5\], *p* \< 0.05) as compared with all other groups except for the high dose RT upon tumour cell re-injection (supplementary Fig. 7). These results show that the CD44^+^CD127^+^ expression on CD8^+^ T cells is associated with immunological protective effect but the blockage of CD127 did not abrogate this effect. Figure 7.Overview of radiotherapy and L19-IL2 induced anti-tumour effects. (1) Radiotherapy induces immunogenic cell death, thereby releasing DAMPs and antigens (2), creating an *in situ* vaccine. Tumour-associated antigens are picked up by dendritic cells (3) that migrate to lymph nodes to activate CD8^+^ T cells (4). L19-IL2 can stimulate the proliferation of tumour specific CD8+ T cells (5) that can now target the irradiated tumours (6), non-irradiated tumours (7) and prevent the formation of new tumours months after tumour cure and termination of the treatment (8). Modified from.[@cit0071]^,^ [@cit0072]

Cytokine production and cytotoxic activity of both CD8^+^ and CD8^+^CD44^+^CD127^+^ T cells was evaluated to investigate the role of these T cells in immunological memory. For this, single cell suspensions of immune cells isolated from lymph nodes of responders (mice cured by 10Gy+L19-IL2 remaining tumour-free after re-challenge), non-responders (mice cured by 10Gy+L19-IL2 with tumour take after re-challenge) or naive mice were co-cultured with C51 cells. To test specificity of the reactions, immune cells from responders were co-cultured with 4T1 mammary carcinoma cells as an example of unspecific antigens. The percent of CD8^+^ T cells was significantly higher when C51 cells were co-cultured with responder immune cells as compared with non-responder (*p* \< 0.05) and naive (*p* \< 0.05) mice, reaching marginal significance (p = 0.053) when compared with co-culture with unspecific antigens ([Fig. 6A](#f0006){ref-type="fig"}). These results suggest higher proliferation activity of CD8^+^ T cells from mice with specific immunological memory. As expected, a significantly (*p* \< 0.01) higher percent of CD8^+^ T cells from responder mice co-expressed CD44 and CD127 ([Fig. 6B](#f0006){ref-type="fig"}). Importantly, responders showed specific and significantly (p = 0.006) higher percent of CD8^+^ and CD8^+^CD44^+^CD127^+^ T cells producing the cytokines INFγ, TNFα as well as the cytolytic molecule Granzyme B ([Fig. 6C](#f0006){ref-type="fig"}, [D](#f0006){ref-type="fig"}). In addition, significantly (p = 0.009) higher percent of CD8^+^CD44^+^CD127^+^ T cells expressing CD107a, a marker of cytotoxic activity, was found in responders co-cultured with C51 cells as compared with unspecific 4T1 cells ([Fig. 6D](#f0006){ref-type="fig"}). Altogether, these data confirm antigen-specific cytokine production and cytotoxic activity of CD8^+^CD44^+^CD127^+^ T cells from mice cured by 10Gy+L19-IL2 with memory capacity.

Significantly higher percent of CD8+ T cells co-expressing CD44^+^CD62 L^+^ was found in lymph nodes of cured mice able to reject tumours (7.3% \[5.7--9.8\] anti-CD127 group and 12.9% \[6.9--21.6\] IgG group) as compared with all other treatment groups (2% \[1--4\], p = 0.01). Additionally, lymph nodes contained a higher percentage of CD44^+^CD62 L^−^ T cells (36.3%, \[34.5--42.8\] CD127 group and 33.5% \[28.7--38.6\]) IgG group) as compared with all other treatment groups (28.4% \[17.7--40.3\] ([Fig. 5E](#f0005){ref-type="fig"}, [F](#f0005){ref-type="fig"}). It appears that percentages of splenic CD44^+^CD62 L^+^ and CD44^+^CD62 L^−^ CD8^+^ T cells were higher in cured mice able to reject tumours as compared with mice with tumour take (supplementary Fig. 7). No significant differences between CD44^+^CD62 L^+^ expressing CD8^+^ T cells in blood could be observed between treatment groups (data not shown).

Discussion {#s0003}
==========

Over the last years, the improved understanding of radiation-induced effects on the tumour microenvironment has resulted in the recognition that RT has a novel role as an inducer of the immunogenic death of tumour cells.[@cit0040] Since this form of cell death is capable of converting the patient\'s tumour into an 'in situ' vaccine, it can initiate an anti-tumour immune response,[@cit0041] which may be further increased when combined with immunotherapeutic approaches.[@cit0040] The selective delivery of IL2 to tumour vascular components via the L19-IL2 fusion protein is a novel promising immunotherapy approach[@cit0024]^,^[@cit0033]^,^[@cit0042] and can enhance the therapeutic potential of RT in ED-B positive tumours in a CD8^+^ T cell[@cit0043] or NK cell mediated manner.[@cit0044] These highly synergistic preclinical findings resulted in the initiation of a phase I clinical study in our institute (NCT02086721), which is currently ongoing. Since the therapeutic effect of this combination treatment is immune mediated, we hypothesized that it can elicit an abscopal effect targeting macroscopic tumours directly and preventing new tumour formation (recurrence) later on.

To test the hypotheses in the present proof-of-principle study we have used the well-established and −characterized C51 tumour model. To mimic metastasizing cancer, we implanted secondary tumours resembling metastasis (or a secondary tumour in mismatched experiments) outside the radiation field. The choice of this experimental model is governed by the possibility to control experimental conditions such as tumour volume at start of treatment and to enable precise irradiation of the primary tumour as well as accurate daily tumour monitoring. Importantly, all secondary tumours were clearly macroscopic and growing, which reduces potential bias resulting from incomplete tumour take due to technical reasons.

We have investigated three different RT schedules in combination with L19-IL2 including single dose and fractionated irradiation regimens. We have shown that the single RT dose + L19-IL2 retarded significantly tumour growth outside the irradiation field and even cured 20--30% of the non-irradiated tumours. Since it is known that the RT dose, schedule and technique may provoke diverse systemic immune responses,[@cit0005] we additionally used two fractionated RT regimes (5 × 2Gy and 5 × 5Gy) in combination with L19-IL2. Indeed, several preclinical studies showed significant growth delay and complete remission outside the RT field when immunotherapy (anti-CTLA-4) was combined with fractionated RT but not with a large single dose.[@cit0045]^,^[@cit0046] In the present study, we have shown that a significant growth delay of tumours outside the RT field could be observed using fractionated combination treatment schedules, however, none of these tumours could be cured, suggesting that a single high radiation dose is a more potent trigger for immune-mediated curative abscopal effects. Additionally, fractionated irradiation might kill tumour infiltrating T cells, resulting in a decreased abscopal effect when combined with L19-IL2. In agreement with our results, a single RT dose (20Gy) initiated immune responses and tumour (including non-irradiated metastases) growth delay when combined with a CD8^+^ T cell activating immunotherapy.[@cit0047] This systemic anti-tumour effect was not observed when combined with fractionated RT (4 × 5Gy).[@cit0048] Differences in tumour immunogenicity, composition of immune infiltrating cells at start of (RT) treatment,[@cit0049] RT doses and different immunotherapeutic approaches may all explain the contradictory results to induce anti-tumour effects outside the RT field between different research groups.

Mice treated with 15Gy + L19-IL2 revealed an increase in CD4^+^ but not in CD8^+^ T cell infiltration in tumours outside the RT field on day 4 after start of treatment, suggesting an association of the CD4^+^ T cells with the observed long-lasting abscopal effect. Despite we did not observe an increased percentage of CD8^+^ T cells inside the non-irradiated tumours at this time point, depletion of CD8^+^ T cells (starting at day 5) abrogated the abscopal effect of the combination therapy significantly. Furthermore, we have shown that depletion of CD4^+^ or CD8^+^ T cells at day 5 has no or little effect on tumour cure of the primary tumour. This suggests that the anti-tumour immune response against the irradiated tumour was complete at start of depletion, enabling us to follow up growth delay effects of the non-irradiated secondary tumours. These data provide direct evidence that the growth delay and complete remission of 20--30% of the non-irradiated tumours is predominantly attributed to CD8^+^ T cells and at least in part to CD4^+^ T cells.

Using the ED-B positive CT26 colon carcinoma[@cit0033] as a secondary tumour, we observed a similar growth delay of the mismatched tumour when administrating 15Gy to the primary C51 tumour in combination with L19-IL2 compared to a C51 secondary tumour. The common expression of antigen(s) between the irradiated tumour and other tumour sites may be crucial for an anti-tumour immune response outside the RT field.[@cit0050] Therefore, it is expected that the irradiated C51 tumour and the non-irradiated CT26 tumour indeed share common tumour specific antigens which might explain similar abscopal effect observed in both experimental settings. It might be possible that secondary tumours from other origin share less antigens and respond less to abscopal response raised towards the irradiated C51 colon carcinoma, but remains to be investigated further.

In this study, we have established the importance of T cells in the execution of the specific RT + L19-IL2 mediated abscopal effect ([Fig. 7](#f0007){ref-type="fig"}). Additionally, we observed that part of these infiltrating T cells have a regulatory (FoxP3^+^CD25^+^) phenotype or they express PD-1, which is known to be associated with their exhaustion.[@cit0051] PD-1 expressing T cells as well as increased infiltrate of regulatory T cells was not observed inside irradiated primary tumours, suggesting that large single radiation dose can shift the effector/regulatory balance into an effective immune response. Indeed, it is known that radiotherapy has a broad range of immune stimulating effects on the tumour microenvironment, transforming it into an immunogenic hub[@cit0005] making it a highly attractive approach to improve immunotherapeutic efficacy, especially for less immunogenic solid tumours. However, using fractionated (5 × 2Gy) radiotherapy, we could, next to an increase of PD-1 expressing T cells inside non-irradiated tumours, additionally show an increase of PD-1 expressing T cells inside irradiated tumours. The expression of PD-1 on T cells is identified as an important resistant mechanism to radiotherapy triggered systemic anti-tumour immune responses.[@cit0052] Furthermore, several PD-1 inhibitors, including nivolumab, have recently obtained FDA approval[@cit0055] and show very promising anti-tumour activity in several clinical trials.[@cit0056]^,^[@cit0057] Therefore, a trimodal treatment using RT and L19-IL2 combined with nivolumab might be a promising approach to further increase the abscopal effect for patients with metastases. Furthermore, direct comparison between non-irradiated tumours of 15Gy and 5 × 5Gy + L19-IL2 treated mice revealed that the single RT dose treated mice have a higher percentage of peripheral CD4^+^ T cells and a higher percentage of CD8^+^ T cells infiltrating their non-irradiated tumour. Since it is well known that CD8^+^ T cells have anti-tumour activity against primary tumours,[@cit0043] and since we have shown in the depletion study that T cells are crucial for RT + L19-IL2 abscopal effect, these differences may explain why single RT dose leads to 20--30% cure of tumours outside the irradiation field.

Moreover, in a pilot study, we have shown that mice cured after 10Gy RT + L19-IL2 are able to develop a long-lasting immunological memory, associated with an increase in CD127 (IL-7 receptor α) expression on T cells ([Fig. 5](#f0005){ref-type="fig"}). IL7 is known to have an important role in the generation and maintenance of memory T cells as CD127 deficient mice or CD127 blockade in combination with anti-PD-1 and anti-CTLA4 bimodal treatment abolished or attenuated the ability to reject bladder tumours.[@cit0058] Non-tumour bearing mice treated with 10Gy + L19-IL2 did not develop this protective immunity, showing the importance of the tumour to form the basis for this 'in situ' vaccine that can eventually be translated into a direct (irradiated), indirect (non-irradiated) and long-lasting (re-challenged) anti-tumour immune response. Since we wanted to reproduce our findings of this pilot experiment, we kept this schedule (and RT dose, i.e. 10Gy) similar in our new experimental setup, however we believe that conclusion of our study would not change if mice cured after 15Gy + L19-IL2 therapy would have been re-challenged. Here, we additionally show that RT might be a better treatment modality to trigger the initiation of the long-lasting anti-tumour immune response, since surgery + L19-IL2 showed a reduced number of mice able to reject tumour cells upon re-injection 150 days post injection. The role of surgery in the development of a memory or abscopal immune response warrants further investigations since a recent study has demonstrated that the targeted delivery of immunotherapy (anti-PD-1) to the surgically removed tumour site can induce an 'in situ' vaccination reducing cancer recurrence and metastases in mice.[@cit0059]

Immunological analysis revealed a significantly higher percentage of CD8^+^ T cells expressing CD44^+^CD62 L^+^ and CD44^+^CD62 L^−^ in the lymph nodes of cured mice able to reject tumours after 10Gy + L19-IL2. It has been reported that effector cells have high expression of CD44 and low expression of CD62 L while central memory cells have high expression of both CD44 and CD62 L.[@cit0060] Therefore, it suggests that effector T cells and central memory T cells are more abundant in the lymph node compartment when mice are able to reject tumours after they are cured. Furthermore, we show that mice able to reject tumours have significantly higher percent of CD8^+^CD44^+^CD127^+^ T cells in spleens, lymph nodes and blood. It has been shown that the expression of CD44 and CD127 on CD8^+^ T cells can classify these cells as effector memory T cells,[@cit0060] and indeed the expression of CD127 is a hallmark of primed CD8^+^ T cells to develop into long-lived memory cells.[@cit0060]^,^[@cit0063] The expression of CD44^+^CD127^+^ on CD8^+^ T cells seems to be even more pronounced in blood, making this expression profile of great interest as a potential biomarker when investigating tumour reactive memory T cells. However, blocking of CD127 of RT + L19-IL2 cured mice shortly before and after re-injection of tumours to assess involvement of the IL-7 pathway on memory T cells, could not abrogate the memory effect in the present study, i.e. increase tumour take after re-challenge. Despite of this, we confirmed the antigen-specific cytokine production and cytotoxic activity of CD8^+^CD44^+^CD127^+^ T cells, suggesting their involvement in immunological memory.

To conclude, this study shows for the first time that irradiation results in a curative abscopal effect when combined with systemic L19-IL2 treatment dependent on T cells in 20--30% of the mice. Single dose RT combined with L19-IL2 leads to an elevation of T cell infiltration in the non-irradiated tumours with a more immunosuppressive phenotype, a phenomenon which is enhanced upon fractionated irradiation. We suggest that diminished absopal effect in fractionated irradiation is likely due to fractionation than to the total radiation dose since the total dose, biologically equivalent to the large single dose, has been applied. Finally, in this study we have shown that RT + L19-IL2 can induce a long-lasting immunological protection against tumours, which is associated with the presence of effector and central memory T cells.

Materials and methods {#s0004}
=====================

Tumour cell lines/ reagents/ Antibodies for *in vivo* studies {#s0004-0001}
-------------------------------------------------------------

Exponentially growing C51 and CT26 mouse colon carcinoma cell lines (kindly provided by Philogen S.p.A.) syngeneic to the Balb/c mice were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) and Roswell Park Memorial Institute (RPMI) (Lonza), respectively, supplemented with 10% fetal calf serum (FCS) in a humidified 5% CO~2~ chamber at 37°C.

The L19-IL2 immunocytokine (Philogen S.p.A.) was diluted with sterile phosphate buffered saline (PBS, Lonza) to concentrations of 200 µg/ml. For *in vivo* depletion experiments, the monoclonal antibodies anti-CD8a (clone YTS 169.4), anti-CD4 (clone YTS 191) and the isotype control anti-KLH rat IgG2b (clone LTF-2) (BioXCell) were diluted with sterile PBS to a concentration of 1.67 mg/ml. For *in vivo* blocking experiments, the monoclonal anti-CD127 (clone A7R34) and rat IgG2a isotype control (clone 2A3) antibodies (BioXCell) were diluted with sterile PBS to a concentration of 2 mg/ml. All studies were conducted in a laboratory that operates under exploratory research principles using established laboratory protocols and general research investigative assays.

Mice and *in vivo* experiments {#s0004-0002}
------------------------------

All experiments were performed in accordance with local institutional guidelines for animal welfare and were approved by the Animal Ethical Committee of the University of Maastricht, the Netherlands, and were in accordance with the Helsinki Declaration of 1975 as revised in 2000. In all *in vivo* experiments tumour growth was monitored daily. Tumour size was measured using a Vernier caliper until endpoint, defined as time to reach 4 times starting volume (T4xSV). Tumour volume was calculated using the following formula: (π/6) × length × width × height, each dimension corrected for the skin thickness (0.5 mm). Animals with cured tumours were excluded from the growth delay analysis, but were included as 'censored' animals in the Kaplan-Meyer survival analysis. All irradiations were performed using Varian Truebeam linear accelerator (15 MeV) electrons and the tumour volumes at start of irradiation are summarized in supplementary table 1.

### Determination of 100% curative RT dose for primary tumors {#s0004-0002-0001}

To induce tumours, approximately 8 weeks old immunocompetent female Balb/c mice (Harlan Laboratories) were subcutaneously (s.c.) injected with C51 cells (1.5 × 10^6^) suspended in Basement Membrane Matrix (MatrigelTM, BD Biosciences) 10 days prior to RT (day −10) bilaterally. For all these growth delay experiments, tumour volumes were normalized to day of irradiation (day 0). Tumours were irradiated with a single dose of 15Gy on day 0 or 5 × 2Gy (one fraction per day) fractionated RT, combined with systemic therapy L19-IL2 (20 µg per mouse intravenously (i.v.) as previously tested[@cit0033]) or vehicle (PBS) on day 1, 3 and 5 For these studies 5 mice (bilateral tumors, 10 tumours in total) per RT schedule were investigated.

### Abscopal effect study {#s0004-0002-0002}

Syngeneic C51 cells (1.5 × 10^6^) were injected as described above 10 days prior to RT in the left flank (primary tumour). Two days later right flank was injected s.c. with C51 cells (1.5 × 10^6^) (secondary abscopal tumour). This design has been chosen to obtain secondary tumours of smaller sizes at time of irradiation to mimic metastases in cancer patients and used by others combining radiotherapy with immunotherapy to study abscopal effect.[@cit0066] Only the left tumours of the mice were irradiated. Mice were treated with 15Gy + L19-IL2 (n = 10), 15Gy + vehicle (n = 9), 5 × 2Gy + L19-IL2 (n = 8), 5 × 2Gy + vehicle (n = 10). To be able to compare tumour responses between 15Gy single dose and a fractionated regime we calculated dose per fraction to be delivered once a day for 5 days that results in the same biological effect as single dose RT using the linear quadratic formalism.[@cit0069] We assumed that the α/β ratio of mouse tumours equals to 10Gy. Dose recovered per day due to proliferation (D~prolif~) was not taken into account in calculations because published data on repopulation of mouse tumours demonstrated that repopulation rate in differentiated adenocarcinomas, mammary carcinoma and in fast fibrosarcoma did not increase in the first week of radiotherapy.[@cit0070] This fractionated schedule (5 × 5Gy) was added in an additional experiment and delivered only to the left tumour in combination with L19-IL2 (n = 6).

To evaluate the causal relationship between CD4^+^ or CD8^+^ T cells and tumour growth delay of the non-irradiated secondary tumours, anti-CD4 (0.2 mg per mouse, intraperitoneal \[i.p.\]) and anti-CD8 (0.2 mg per mouse, i.p.) antibodies were injected on days 5, 8 and 11. Depletion of the cells was confirmed by flow cytometry analysis (see below) of blood collected via puncture of the saphenous vein. Tumour volume data were normalized to start of depletion (day 5). In total 20 mice were used in the depletion study, 6--7 mice per group.

The results of the abscopal study have been validated in 2 independent experiments (vide supra).

To investigate the specificity of the abscopal response, C51 cells (1.5 × 10^6^) were injected s.c. on day −10 in the left flank (irradiated tumour) and syngeneic CT26 cells (2 × 10^6^) were injected s.c. on day −8 in the right flank (non-irradiated tumour) of the mice. Mice were treated with 15Gy + vehicle (n = 5) or 15Gy + L19-IL2 (n = 8).

### Memory effect study {#s0004-0002-0003}

For the immune memory effect study, animals were challenged in the left flank with matrigel or PBS only or with C51 tumour cells (1.5 × 10^6^) suspended in matrigel. When tumours reached an average volume of 200 mm^3^, different treatment schedules were delivered as depicted in supplementary Fig. 6. Long-term surviving animals after treatment with surgery (see below) + L19-IL2 (n = 5), high dose RT (40Gy) + vehicle (n = 3) and 10Gy + L19-IL2 (n = 12) were re-challenged bilaterally with C51 cells (1.5 × 10^6^) 150 days post injection in their left and right flanks. The latter group was divided in two, one group receiving CD127 blocking antibody (0.4 mg, i.p.) (n = 6) and the other receiving rat IgG2a isotype control (n = 6) one day before tumour re-challenge and then every 2 days for 3 weeks. Blockade of CD127 was confirmed in CD3^+^ peripheral blood mononuclear cells in blood extracted by saphenous vein puncture after second dose of blocking antibody had been delivered. In addition, age-matched non-tumour bearing mice (only matrigel injected) treated with 10Gy RT + L19-IL2 (n = 7) or sham + vehicle (n = 6) were included as control groups. Tumour growth was monitored as described above. In survival analysis, tumor take was considered as an event when tumor reached 500 mm^3^. All animals not reaching this endpoint were free of tumor. Only the fastest growing tumour of the two bilaterally (re-)injected tumours was used for analyses. The results of the memory study have been validated in 2 independent experiments (vide supra).

Surgical excision of tumours {#s0004-0003}
----------------------------

Before surgical excision of tumours, the skin around the tumour was shaved and the area was disinfected with 70% ethanol. All surgical procedures were done under general anesthesia with isoflurane inhalation. The surgical area was sterilized with iodine solution and a sterilized scalpel was used to make an elliptic incision around the tumour to dissect it away from the flank. To stop the bleeding, an electrocautery was used to close blood vessels and the surgical incision was closed by stitching using the U-stich with an absorbable suture. Post-operative care of the animals included the administration of 300 mg/kg paracetamol.

Flow cytometry {#s0004-0004}
--------------

Flow cytometric analysis was performed on immune cells isolated from spleens, lymph nodes, blood and tumours. First, animals treated with 15Gy + L19-IL2 (n = 6), 15Gy + vehicle (n = 5), L19-IL2 (n = 3) and vehicle (n = 5) were sacrificed on day 4. Second, animals treated with 5 × 2Gy + vehicle (n = 5) and 5 × 2Gy + L19-IL2 (n = 5) treatment groups were sacrificed on day 5. A third flow cytometry experiment was performed comparing 15Gy + L19-IL2 (n = 6) with 5 × 5Gy + L19-IL2 (n = 6) on day 5.

Blood was collected in 10% Heparin sodium (5000 I.U./ml, Leo Laboratories Ltd.) and plasma was separated by centrifugation. Single cell suspensions of lymph nodes, spleens and tumours were obtained using a gentleMACS dissociator (Miltenyi Biotec B.V.) and filtered through a 70 µm-pore cell strainer (Greiner, Bio-one). Additionally, tumours were enzymatically digested with a tumour dissociation kit (Miltenyi Biotec B.V.) before making single cell suspensions. Red blood cells lysis was performed on single cell suspensions of blood, spleens and tumours using RBC lysis buffer (eBioscience). Single cell suspensions were counted using a Z2 Coulter Counter (Beckman). 1.5--2 × 10^6^ cells were stained with PBS containing 2% FCS, incubated with FC-block CD16/CD32 (clone 2.4G2, BD Biosciences) and stained with a combination of the following antibodies for cell surface markers: anti-CD45-V500, PE, FITC, APC and PE-Cy7 (clone 30F-11), anti-CD3-FITC (17A2), anti-CD4-APC-H7 (GK1.5), anti-CD8a-V500 (53--6.7), anti-CD19-PE (1D3), anti-CD25-APC (PC61), anti-CD44 APC-Cy7 (IM7), anti-CD127-PE (clone SB/199) and anti-CD127-PE (A7R34) (BD Biosciences); anti-NKp46-APC (29A1.4.9, Miltenyi Biotec B.V.); anti-CD45-PerCP (30-F11), anti-CD152 (CTLA-4)-Brilliant Violet 421 (UC10-4B9) and anti-279 (PD-1)-PE-Cy7 (RMP1-30) (Biolegend); anti-CD3e- eFLUO 450 (145-2c11), anti-CD4-FITC (RM4-5), anti-CD62 L-PE-Cy7 (Mel-14) (eBioscience). For intracellular staining, FC blockade and cell surface markers staining was performed, cells were washed with a fixation/permeabilization working solution (eBioscience) according to manufacturer\'s guidelines and then stained with anti-mouse/rat FoxP3-PE staining set (FJK-16s, eBioscience). Eight-colour flow cytometric analysis was performed with a FACSCanto II instrument (BD Biosciences). Data were analyzed with FACSDiva v6.1.2 (BD Biosciences) and FlowJo v10.0.8 (Tree Star) software. The total CD45^+^ immune cells were selected from the viable population of cells (filtered for debris and doublets) for further sub-classification according to the strategy described previously.[@cit0043] Staining to assess the expression of immune memory markers was performed on freshly isolated and thawed samples of spleens and lymph nodes and flow cytometric analysis yielded similar results. Gating strategies are described in Supplementary Figs. 5, 6.

**Co-culture assay to assess cytokine production and cytotoxic activity of tumour specific CD8^+^ T cells**

In memory study, frozen single cell suspensions of immune cells from lymph nodes of responders (long-term tumour-free survivors treated with 10Gy+L19-IL2 after re-challenge), non-responders (mice cured by 10Gy+L19-IL2 with tumour take after re-challenge) or naive mice were thawed, washed and rested overnight at 37°C in RPMI 1640 medium supplemented with 10% FCS, 1% penicillin and streptomycin, 1% L-glutamine, 50 µM of 2-mercaptoethanol and 10^3^ IU/ml of human recombinant IL-2 (Novartis). The next day, 10^6^ immune cells were co-cultured for 5 days in the same medium with 2.5 × 10^5^ C51 cells (4:1 ratio) irradiated with a single dose of 50Gy. To assess non-specific antigen reactivity, a co-culture experiment of responder lymphocytes with 4T1 mammary carcinoma cells was included. After 5 days of co-culture, cells were harvested, washed and re-stimulated overnight with freshly 50Gy irradiated C51 or 4T1 cells in the presence of GolgiPlug (1 µl/ml, BD Biosciences). For FACS analysis, cells were harvested, washed with PBS and stained with LIVE/DEAD Fixable Aqua Dead Cell Stain kit (L/D Aqua, Life Technologies) according to the manufacturer\'s instructions, to exclude dead cells from the analysis. Cells were washed with PBS-2% FCS, incubated with Fc Block anti-CD16/32 (2.4G2, BD Bioscience) and then stained with conjugated monoclonal antibodies for cell surface markers: anti-CD8a PerCP (53--6.7), anti-CD127 PE (SB/199), anti-CD44 APC-Cy7 (IM7), anti-CD107a PE-Cy7 (1D4B) (all from BD Biosciences). Cells were then fixed and permeabilized as described above and stained for the expression of IFN-γ, TNF-α and Granzyme B, with the following monoclonal antibodies: anti-IFN-γ FITC (XMG1.2), anti-TNF-α APC (MP6-XT22) (Biolegend) and anti-Granzyme B eFluor 450 (NKZB, eBioscience). Gating strategies are described in Supplementary Fig. 8.

Statistical analysis {#s0004-0005}
--------------------

Statistical analyses were performed using GraphPad Prism Software v5.03. For all immune parameters and tumour volumes median \[min-max\] are reported. The non-parametric Mann-Whitney two-tailed test was used to determine the statistical differences between the different treatment groups. The log-rank (Mantel-Cox) test was used to compare survival curves. P-values smaller than 0.05 were considered statistically significant.
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